Normal sexual differentiation in the genital organs is essential for the animal species that use sexual reproduction. Although it is known that doublesex (dsx) is required for the sexual development of the genitalia in various insect species, the direct target genes responsible for the sexual differentiation of the genitalia have not been identified. The lozenge (lz) gene is expressed in the female genital disc and is essential for developments of spermathecae and accessory glands in Drosophila melanogaster. The female-specific isoform of DSX (DSXF) is required for activating lz expression in the female genital disc. However, it still remains unclear whether the DSXF directly activates the transcription of lz in the female genital disc. In this study, we found two sequences (lz-DBS1 and lz-DBS2) within lz locus that showed high homoloty to the DSX binding motif identified previously. Competition assays using recombinant DSX DNA-binding domain (DSX-DBD) protein verified that the DSX-DBD protein bound to lz-DBS1 and lz-DBS2 in a sequence-specific manner with lower affinity than to the known DSX binding site in the bric-à-brac 1 (bab1) gene. Reporter gene analyses revealed that a 2.5-kbp lz genomic fragment containing lz-DBS1 and lz-DBS2 drove reporter gene (EGFP) expression in a manner similar to endogenous lz expression in the female genital disc. Mutations in lz-DBS1 alone significantly reduced the area of EGFP-expressing region, while EGFP expression in the female genital disc was abolished when both sites were mutated. These results demonstrated that DSX directly activates female-specific lz expression in the genital disc through lz-DBS1 and lz-DBS2.
Introduction
Animals that exploit sexual reproduction display various sexual dimorphisms in many aspects of physiology, behavior, and morphology. Normal sexual differentiation in the genital organs is key to exchanging gametes between males and females, the basis of sexual reproduction. Thus, it would be reasonable to expect that some of the developmental pathways regulating sexual differentiation in the genital organs would be conserved among animals.
Currently accumulated findings on the genetic cascade for sex determination suggest that some genes acting at downstream positions in the sex determination cascade are functionally similar in diverse species. For example, Dsx/Mab-3 DNA-binding motif (DM)-domain genes appear to play a role in sex determination or sexual differentiation in all Metazoa, and thus, this gene family is considered to represent the first example of sexual regulatory genes conserved across phyla (Hodgkin, 2002; Kopp, 2012 for reviews) .
The DM domain is a cysteine-rich DNA-binding motif that was first identified in proteins encoded by the doublesex (dsx) gene in Drosophila melanogaster (Erdman and Burtis, 1993; Zhu et al., 2000) . The primary transcript of dsx undergoes sex-specific alternative splicing, producing a male-specific (DSXM) or a female-specific (DSXF) protein isoform (Schütt and Nöthiger, 2000) . The DSXF and DSXM proteins regulate the sex-specific transcription of target genes that encode the sexual phenotype of the body (Baker and Wolfner, 1988; Burtis and Baker, 1989; Cline and Meyer, 1996) .
Genome-wide analysis by chromatin immunoprecipitation followed by sequencing (ChIP-seq) demonstrated that DSXF and DSXM bind thousands of the same targets in multiple tissues in males and females (Clough et al., 2014) . However, to date, there are only a few validated direct gene targets for dsx: Yolk Proteins (yp-1 and yp-2), bric-à-brac 1, desatF (also known as Fad2), and Flavin-containing monooxygenase-2 (Fmos-2) (Burtis et al., 1991; Coschigano and Wensink, 1993; Williams et al., 2008; Shirangi et al., 2009; Luo and Baker, 2015) .
These genes are important for sexual dimorphisms in D. melanogaster but are not involved in sexual differentiation of genitalia.
Identification of DSX target genes responsible for sexual differentiations in genitalia will be helpful in understanding any common regulatory network that governs sexual dimorphism shared by a wide variety of animal species. In this study, we focused on the lozenge (lz) gene that is expressed in the female genital disc and is required for developments of spermathecae and accessory glands in the female genitalia (Anderson, 1945; Chatterjee et al., 2011) . Lozenge (LZ) is a member of the Runt domain family of transcriptional regulators that control a large number of developmental processes in Drosophila (Canon and Banerjee, 2000) . DSXF is required for inducing the female-specific lz expression in the genital disc (Chatterjee et al., 2011) . In the present study, we provide several lines of evidence that the two DSX-binding motifs found in lz locus act as cis-regulatory elements responsible for femalespecific lz expression in the genital disc. This is the first report on identification of a direct DSX target gene that is essential for sexual differentiations in genitalia.
Materials and methods

Experimental animals
Flies were reared on standard medium and, unless specified otherwise, at 25°C. A wild-type strain, Canton-S was provided by Prof. Tetsuya Kojima of the University of Tokyo.
Competition assays
Competition assays were designed essentially based on Electrophoretic Mobility Shift Assays (EMSAs) described previously (Jeong et al., 2006) , using a recombinant protein consisting of a DSX DNA-binding domain (DSX-DBD). To prepare recombinant DSX-DBD, a DNA fragment encoding the first 106 amino acids containing DSX-DBD was amplified by PCR from cDNAs prepared from Canton-S larvae using a 5′ primer containing a SalI site (GTC GAC ATG GTT CGG AGG AGA ACT GGA A) and a 3′ primer containing a NotI site (GCG GCC GCT TAC TAC ACC TCG TGC ATG TGC AGC G). The amplified product was cloned into the pGEX-6P-3 vector using the SalI and NotI sites. The fusion protein was prepared and purified as described previously (Suzuki et al., 2008) . To obtain glutathione S-transferase (GST)-free proteins, the fusion proteins were subsequently cut with Precision Protease (Amersham Pharmacia Biotech) and re-purified with glutathione Sepharose 4B to remove free GST. The known DSX binding site in the bric-à-brac1 (bab1) gene (designated as DSX1 in the previous study (Williams et al., 2008) ) was used as a DNA probe for the EMSA. To prepare a DNA probe, DNA oligonucleotides, each of which had a 5′ G-overhang (see Table 1 ), were annealed. DNA oligonucleotides were designed (see Table 1 ) and were annealed to prepare DNA competitors as described Fig. 2A . The annealed probe was radiolabeled by end-filling with [α-32 P] dCTP using Klenow fragment (Takara Bio). DNA competitors were incubated with the recombinant DSX-DBD protein (50 ng per each reaction) on ice for 5 min, followed by addition of the radiolabeled probe (0.04 pmol per each reaction).
Immunofluorescence
Male and female genital discs of L3 larvae at the wandering stage were subjected to immunofluorescence analyses. Genital discs were dissected in cold PBS and fixed in 2% paraformaldehyde for 15 min. The tissues were transferred to fresh PBS and fixed further in 4% paraformaldehyde for 15 min at room temperature. The fixed tissues were then permeabilized in PBS containing 0.2% Triton X-100 and 1% BSA (SIGMAAldrich) for 30 min, washed three times with PBS containing 0.2% Triton X-100 and incubated with mouse anti-LZ (1:10 dilution; Developmental Studies Hybridoma Bank) at 4°C overnight. Alexa Fluor-conjugated secondary antibodies were used (1:100 dilution; Molecular Probes). Discs were mounted in 4′,6-diamidino-2-phenylindole (DAPI)-containing Vectashield. Confocal images were acquired using a Zeiss LSM 5 Exciter scanning microscope.
Reporter constructs and transgenic fly production
A genomic DNA fragment of the lz locus containing the putative DSX-binding motifs (lz-DBS1 and lz-DBS2) was amplified by PCR from Canton-S genomic DNA using a primer pair lzDSXWTF1 and lzDSXWTR1. The amplified products were cloned into the EcoRI site of an EGFP reporter vector pS3aG (Williams et al., 2008) obtained from Addgene to create lzDBS1&2WT-S reporter construct. lzDSXWTF2 primer was used for the same PCR instead of lzDSXWTF1 to create lzDBS1&2WT-S. To introduce nucleotide substitutions into lz-DBS1, two different DNA fragments were amplified by PCR using two primer pairs lzDSXWTF-lzDSXMutR1 and lzDSXMutF2-lzDSXWTR. The amplified DNAs were mixed and were cloned into the EcoRI site of the pS3aG using the In-Fusion HD Cloning Kit (Takara Bio Inc.) according to the manufacturer's protocol. To disrupt both lz-DBS1 and lz-DBS2, three different DNA fragments were amplified by PCR using three primer pairs lzDSXWTF-lzDSXMutR1, lzDSXMutF2-DSXMutR2, and lzDSXMutF3-lzDSXWTR. All primer sequences used for PCR amplifications are listed in Table 2 . The amplified DNAs were mixed and were cloned into the pS3aG vector, as described above.
Site-specific integration of transgenes was achieved by microinjection of the resulting constructs into embryos from flies containing the attP docking site attP2 that is a well characterized and useful site for reporter assays (Groth et al., 2004) using Drosophila injection services provided by BestGene, Inc. The activity of all reporter constructs was imaged for EGFP expression. The nucleotide sequences of the resulting constructs were confirmed by DNA sequencing.
Results
Identification of putative DSX-binding motifs in lz
As an initial step to investigate whether DSX directly regulates expression of lz in the female genital disc, we searched for the DSX binding core (ACAATGT) in the DSX-binding consensus determined in previous work (Yi and Zarkower, 1999) in genomic sequence between 2 kb Table 1 Oligonucleotide sequences used for EMSAs.
Probe name
Direction Sequence (5′ to 3′) upstream from the transcription start site of the lz gene and its polyadenylation site. As shown in Fig. 1A , lz had two ACAATGT sites (named as lz-DBS1 and lz-DBS2, respectively). These two sites were closely positioned each other and were laid within a 328 bp-sequence located in intron 3 (Fig. 1B) . To further define lz-DBS1 and lz-DBS2, nucleotide sequences flanking these two sites were compared with the DSX binding consensus identified previously (Yi and Zarkower, 1999) . Within 13 nt of the DSX binding consensus, 12 nt were identical to each of lz-DBS1 and lz-DBS2 (Fig. 1C) . These higher similarities strongly support the possibility that DSX proteins would bind to lz-DBS1 and lz-DBS2.
DSX bound specifically to putative DSX-binding motifs identified in lz
To examine whether DSX proteins bind specifically to lz-DBS1 and lz-DBS2, we performed competition assays with the DSX DNA-binding domain (DBD), as described previously (Williams et al., 2008) . Nonradiolabeled oligonucleotides containing wild-type sequences or sequences with a mutated binding core ( Fig. 2A) were competed with a radiolabeled probe, whose sequence was derived from the known DSX binding site previously identified in the bab1 gene (Williams et al., 2008) . Fig. 2B shows the purified recombinant DSX-DBD protein with the expected molecular mass. As shown in Fig. 2C , DNA-protein complex formation occurred with the bab1 probe and was completed by 32 fold molar excess of itself (Fig. 2C, lanes 1-4) . Similarly, the DNA-protein complex formation was completed by 192 fold molar excess amount of lz-DBS1WT competitor (Fig. 2C, lane 8) . Although competition was observed with lz-DBS1Mut, its competition efficiency was significantly lower than that observed with the lz-DBS1WT (Fig. 2C , compare lanes 5-8 with lanes 9-12). These results demonstrated that DSX-DBD protein specifically bound to the lz-DBS1 and its binding efficiency for DSX-DBD was estimated to be approximately five-fold lower than the known DSX binding site in bab1 identified previously (Williams et al., 2008) . DSX-DBD protein may also bind to the lz-DBS1 sequences flanking the DSX binding-core since the DNA-protein complex formation was weakly but definitely competed with the lzDBS1Mut. On the other hand, the same reaction was not efficiently competed with lz-DBS2WT even though the presence of 192-fold molar excess of the lz-DBS2WT (Fig. 2C, lane 16) . No competition was observed when lz-DBS2Mut was served as a competitor (Fig. 2C, lanes 17-20) . Thus, DSX-DBD protein bound to the lz-DBS2 in a binding-core sequence-specific manner but the DNA-binding efficiency of DSX-DBD to lz-DBS2 was lower than that to the lz-DBS1. Sequence comparisons between bab1 and either lz-DBS1 or lz-DBS2 demonstrate that bab1 is more similar to lz-DBS1 than to lz-DBS2 (Fig. 2A) . These results strongly suggest that lz-DBS1 functions as an actual target of DSX proteins in vivo.
lz expression in the female genital disc is activated directly by the female-specific DSX isoform
To determine whether DSX binding to lz-DBS1 is required for regulating sex-specific expression of lz in female genital disc, we performed EGFP-reporter assays using transgenic animals carrying a reporter gene (Fig. 3A) . An approximately 1-kb genomic DNA fragment containing lz-DBS1 and lz-DBS2 (Fig. 3A, lzDBS1&2WT-S) drove expression of the EGFP-reporter with a specific pattern only in female genital discs ( Fig.  3D and E) . Although the expression pattern of EGFP seemed similar to that of the endogenous LZ protein detected by immunofluorescence analyses with an anti-LZ antibody ( Fig. 3B and C) , the region with EGFP signals was narrower as compared with the LZ expressing region (compare Fig. 3B and D) . To increase the enhancer activity, we subjected a longer genomic DNA fragment to the reporter assays. An approximately 2.5-kb genomic DNA fragment containing lz-DBS1 and lz-DBS2 (Fig.  3A, lzDBS1&2WT ) drove much stronger EGFP expression than that observed with the reporter gene lzDBS1&2WT-S carrying a shorter genomic DNA (compare Fig. 3D and F) . The expression pattern of EGFP was female-specific and was almost similar to that of the endogenous LZ protein (compare Fig. 3B and F) . These results indicate that the 1-kb genomic fragment containing both lzDBS-1 and lzDBS-2 is sufficient for inducing female-specific expression in the genital disc but that the further upstream sequence is required for exhibiting enhancer activity comparable to the endogenous lz expression level. The upstream sequence of 1124 nt contained two distinct sequences consisting of multiple repeats of TGGATGG and of GAGATT (Fig. 3A) . To investigate whether these sequences contain some transcription factor binding sites, we performed sequence analysis with the TFBIND program (Tsunoda and Takagi, 1999) utilizing the transcription factor database TRANSFAC R. 3.3. This analysis identified putative GATA-1, GATA-2, and GATA-3 binding sites in the region containing the above multiple repeats with high probabilities (Table 3) . When the lz-DBS1 site alone was mutated, the area of EGFP-expressing region in the female genital discs was reduced significantly, to 47% of that in flies with the wild-type reporter gene (Fig. 3H  and L) . EGFP-reporter expression in female genital discs was abolished when both the lz-DBS1 and lz-DBS2 were mutated (Fig. 3J and L) . The same analyses with mutated reporters showed no EGFP expression in male genital discs ( Fig. 3I and K) . These results demonstrate that the examined genomic DNA fragment containing lz-DBS1 and lz-DBS2 had enhancer activity that could induce lz expression in the female genital imaginal disc, and that DSXF binding to both lz-DBS1 and lz-DBS2 is necessary for the enhancer activity.
Discussion
In this study, we identified a 2.5-kb genomic region that was sufficient to induce lz expression in the female genital imaginal disc (Fig.  3D ). This genomic fragment contained two DSX-binding sites (lz-DBS1 and lz-DBS2), both of which were necessary for the enhancer activity (Fig. 3H) . DSX-DBD protein bound to these DSX-binding sites in a sequence-specific manner (Fig. 2C) . Thus, we conclude that lz expression in the female genital disc is regulated directly by DSXF. This is consistent with previous findings that DSXF is required to activate lz expression in the female genital disc (Chatterjee et al., 2011) . However, results obtained from competition assays suggested that the DNA-binding efficiency of DSX-DBD to lz-DBS2 was lower than that to the lz-DBS1 (Fig. 2B) . Some other cofactors may facilitate DSXF binding to the lz-DBS2 in the female genital disc. Consistent with this hypothesis, the previous study demonstrate that not only DSXF but also one or more factors are required to activate lz expression in the female genital disc (Chatterjee et al., 2011) .
The region with EGFP signals in the female genital disc was significantly narrower in the lz-DBS1Mut flies than that in the lz-DBS1&2WT flies (Fig. 3F, J) . The EGFP-expressing area in the lz-DBS1Mut flies seemed restricted to the region near the anterior end of the female genital disc (Fig. 3F) . This means that either lz-DBS1 alone or both lz-DBS1 and lz-DBS2 may be necessary for lz expression in the inner area of the female genital disc. One possible explanation for this is that two doses of DSXF may be required for activating lz expression in the inner part of the female genital disc. Alternatively, it is postulated that lz expression in the inner region might be activated by DSXF bound to the lz-DBS1 in cooperation with a cofactor(s) bound to a site(s) closely positioned to the lz-DBS1 site. Previous studies demonstrate that intensive growing of the female genital imaginal disc is induced by DSXF in conjunction with ABD-A and ABD-B, which are protein products of Abdominal-A and Abdominal-B, respectively (Keisman and Baker, 2001; Sa'nchez et al., 2001) . ABD-B and paralogous HOX proteins are known to preferentially bind to the five base pair motifs TTTAT or TTTAC, and with some affinity to the shorter motif TTAT (Ekker et al., 1994) . We found TTTAT and TTAT motifs that lie 14 nt downstream of the lz-DBS1 site (Fig.  1B) . DSXF and ABD-B may synergistically activate lz expression in the inner region of the female genital disc. Further study is needed to clarify the importance of the TTTAT motif for lz expression.
A previous study demonstrated that lz was not expressed in male genital discs (Chatterjee et al., 2011) . One can imagine that this is due to a repressive effect of DSXM on lz expression. However, our data suggest otherwise because the EGFP reporter with mutations in lz-DBS1 and lz-DBS2 showed no EGFP expression in male genital discs (Fig. 3G,  I ). This suggests that DSXM does not have a repressive effect on lz expression. Consistent with this finding, dsx-null mutants did not show lz expression in female and male genital discs (Chatterjee et al., 2011) . Chatterjee et al. supposed that the male genital disc lacks one or more factors to activate lz expression based on their finding that male genital discs with clones expressing the female isoform of transformer (tra), which induces DSXF production directly, did not show ectopic lz expression (Chatterjee et al., 2011) .
Our reporter assays demonstrated that the 1124 nt genomic sequence upstream of lz-DBS1 and lz-DBS2 strengthened expression of the EGFP-reporter (Fig. 3E ). This genomic sequence contained distinct multiple repeats, which are predicted to be a potential binding site for GATA transcription factors (Table 3 ). The Drosophila GATA protein Srp (Serpent) is required for lz expression and is necessary for embryonic blood cell development (Rehorn et al., 1996; Lebestky et al., 2000) . Runx1, a mouse ortholog of lz, has a function analogous to lz and acts as an important regulator of hematopoiesis (Okuda et al., 1996; Speck et al., 1999) . A previous study identified a highly conserved 531 bp enhancer located in the first intron of the Runx 1 gene (Nottingham et al., 2007) . Interestingly, GATA2 acts as a major factor crucial to the enhancer activity. Based on these findings, we supposed that GATA is not only essential for lz expression in blood cell lineages but also required for enhancing the expression of lz in female genital discs. Whether the putative GATA binding sites identified in this study are relevant to the transcriptional regulation of the lz gene remains to be analyzed in future studies.
lz is expressed highly in the female genital disc and is required for the development of spermathecae and the female accessory gland (Chatterjee et al., 2011) . Runx1, a mouse ortholog of lz, also showed high expression in the Müllerian duct, which gives rise to the oviduct and vagina in the female (Simeone et al., 1995) . Conditional deletion of Runx1 in the Müllerian duct epithelial cells induces adenosis in the cranial portion of the vagina (Laronda et al., 2013) . Similar to lz in D. melanogaster, Runx1 may be necessary for the development of components of the internal female genitalia.
Conclusions
We found two DSX-binding sites in the intronic sequence of the lz gene, which is expressed highly in the female genital disc. A 2.5-kb intronic sequence containing the two DSX-binding sites had an enhancer activity that was able to induce lz expression in the female genital imaginal disc. Both of the DSX-binding sites were essential for lz expression in the female genital disc. Taken together, we conclude that DSXF directly activates lz expression in the female genital disc. 
